
Acta Histochemica 122 (2020) 151623

Available online 23 September 2020
0065-1281/© 2020 Published by Elsevier GmbH.

Isolation, identification and differentiation of human spermatogonial cells 
on three-dimensional decellularized sheep testis 

Sepideh Ashouri Movassagh a,b, Sanaz Ashouri Movassagh c, Mehdi Banitalebi Dehkordi d, 
Gholamreza Pourmand e, Keykavos Gholami f, Ali Talebi g, Sahar Esfandyari b, Ayob Jabari h, 
Azam Samadian i, Mehdi Abbasi b,* 
a Human and Animal Cell Bank, Iranian Biological Resource Center (IBRC), ACECR, Tehran, Iran 
b Department of Anatomy, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran 
c Reproductive Biotechnology Research Center, Avicenna Research Institute, ACECR, Tehran, Iran 
d Cellular and Molecular Research Center, Basic Health Sciences Institute, Shahrekord University of Medical Science, Shahrekord, Iran 
e Urology Research Center, Sina Hospital, TehranUniversity of Medical Sciences, Tehran, Iran 
f Gametogenesis Research Center, Kashan University of Medical Sciences, Kashan, Iran 
g School of Medicine, Shahroud University of Medical Sciences, Shahroud, Iran 
h Infertility and Reproductive Medicine, Department of Obstetrics and Gynecology, Shiraz University of Medicine Sciences, Shiraz, Iran 
i Department of Stem Cells and Developmental Biology, Cell Science Research Center, Royan Institute for Stem Cell Biology and Technology, ACECR, Tehran, Iran   

A R T I C L E  I N F O   

Keywords: 
Spermatogonial stem cells 
Extracellular matrix 
Decellularization 
Testicular matrix 
Differentiation 

A B S T R A C T   

Improvement of in vitro culture methods of Spermatogonial Stem Cells (SSCs) is known to be an effective pro
cedure for further study of the process of spermatogenesis and can offer effective therapeutic modality for male 
infertility. Tissue decellularization by providing natural 3D and extracellular matrix (ECM) conditions for cell 
growth can be an alternative procedure to enhance in vitro culture conditions. In the present study, the testicular 
tissues were taken from brain death donors. After enzymatic digestion, the tissue cells were isolated and cultured 
for four weeks. Then the identity of the SSCs was confirmed using anti-GFRα1 and anti-PLZF antibodies via 
immunocytochemistry (ICC). The differentiation capacity of SSCs were evaluated by culture of them on a layer of 
decellularized testicular matrix (DTM) prepared from sheep testis, as well as under two-dimensional (2D) culture 
with differentiation medium. After four and six weeks of the initiation of differentiation culture, the pre-meiotic, 
meiotic and post- meiotic genes at the mRNA and protein levels was examined via qPCR and ICC methods, 
respectively. The results showed that pre-meiotic, meiotic and post-meiotic genes expressions were significantly 
higher in the cells cultured in DTM substrate (P ≤ 0.01).The present study indicated that, the natural structure of 
ECM prepare the suitable conditions for further study of the spermatogenesis process in the in vitro and con
tributes to the maintenance and treatment of male infertility.   

1. Introduction 

Male fertility is dependent on normal spermatogenesis. In this pro
cess, spermatogonial stem cells (SSCs) formed mature sex cell (sper
matozoa) through a series of mitotic and meiotic cell divisions (Schlatt, 
2002). In vitro culture of SSCs and spermatogenesis for achieving adult 
spermatozoa is considered a challenge in a large number of studies. 
However, good results has been achieved in the generation of mature 
spermatids in laboratory conditions, which, despite the low fertility rate, 
is capable of producing normal blastocysts (Tanaka et al., 2003). 

Spermatogonial cell culture for differentiation to mature spermatids is 
known to be an effective therapeutic approach for patients recom
mended for radiotherapy and chemotherapy against cancer, or azoo
spermia in which there is a condition of maturity arrest in the process of 
spermatogenesis (Aslam and Fishel, 1998). Preservation and differenti
ation of spermatogonial stem cells, which are a very small part of 
testicular cells (2–3 stem cells out of every 104 sexual cells), must be 
carried out in the same conditions as it occurs within the body. Given 
that the generation of such substrate is not made possible in conven
tional culture media, cell culture in a 3D substrate has been considered 
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more widely (Hofmann et al., 1992; Lee et al., 2006; Stukenborg et al., 
2009, 2008). 3D culture with the provision of the necessary conditions 
similar to that, which occur within the body, is an effective solution for 
laboratory culture of spermatogonial stem cell for the process of sper
matogenesis. With the relevance of 3D SSC culture in vitro, selection of a 
suitable substrate; for this process of cell, differentiation has proven to 
be very effective. Cells in the body communicate with their surrounding 
through extracellular matrix. This extracellular matrix (ECM) contains 
various types of collagen, glycoprotein, proteoglycan and glycosami
noglycan compounds. The molecules of these compounds are inter
twined together to form complex structures. However, the ECM protein 
constituents are different in different types of tissue and organs and in 
varying amounts (Manabe et al., 2008), and this is dependent upon 
growth, developmental and pathological conditions (Bonnans et al., 
2014; Tom et al., 2009). ECM plays an important role in different me
chanical stimulation and factors affecting the functions of the cells, and 
also providing the required conditions for communication between the 
cells with respect to the constituent substrate (Hoshiba et al., 2016). 
Previous studies demonstrated the effect of the ECM on the preservation 
and differentiation of stem cells (Bi et al., 2007, 2005; Rozario and 
DeSimone, 2010; Watt and Hogan, 2000). However, it is difficult to 
obtain the ECM model with the same components and condition to that 
of the body in vitro. Therefore, it is necessary for the adoption of a 
decellularized tissue as a model for laboratory ECM. Given that, the 
testicular tissue is rich in ECM due to the type of structure. In this study, 
we attempted to connect the cells together and differentiate them in 
vitro through SSCs culture in the decellularized layer of sheep testicular 
tissue under a condition similar to that occur naturally in the body 
(Fig. 1). 

2. Methods 

2.1. Tissue collection 

Human testes samples were obtained from three brain-dead patients 
of 18, 26, and 38 years old; this work was carried out on the basis of the 
license of the Medical Ethics Committee of the Tehran University, as 
well as informed consent from their family for the testing of the testes for 
research. (IR.TUMS.REC1394.1751). 

2.2. Testis dissociation 

After the autopsy, the testicular tissues were removed and trans
ferred to the culture lab in a culture medium containing antibiotic at 
4 ◦C. Testicular tissue cells were isolated according to the methods 
presented by Kanatsu-Shinohara et al. (Kanatsu-Shinohara et al., 2003; 
Sadri-Ardekani et al., 2009) with slight modifications. In short, after 
washing the testicular tissue several times in a PBS solution for cell 
isolation, the testis capsule was first removed, and then testicular tissue 
was divided into fragments of approximately 0.5–1.0 mm3 using the 
mechanical procedure. Thereafter, the dissociated tissues were placed in 
a 37 ◦C shaker water bath for 30 min in a solution containing collagenase 
type I 1 mg/mL (Sigma-Aldrich, St Louis, MO, USA), 1 mg/mL trypsin 
(Sigma-Aldrich, St Louis, MO, USA) and 0.5 mg/mL DNase (Thermo 
Fisher Scientific, Massachusetts, USA). The fragments obtained from 
digestion were centrifuged at 1200 RPM for 3 min and washed in Dul
becco Modified Eagle medium /Nutrient Mixture F-12 (DMEM-F12, 
Gibco, Grand Island, NY, USA) medium and digested again for 
30− 45 min in a solution containing collagenase 1 mg/mL, 0.5 mg/mL 
DNase and hyaluronidase 1.5 mg/m (Sigma-Aldrich, St Louis, MO, USA) 
in a shaker water bath at 37 ◦C. After filtration thought a 70-μm cell 
strainer, the collected cells were washed and prepared for culture. 

2.3. SSCs culture and proliferation 

The cells harvested from tissue enzymatic digestion were cultured 
after evaluation and viability analysis using staining with 0.4 % trypan 
blue solution in a 6-well plate with the culture medium DMEM/F12 
containing 10 % FBS (Gibco, Grand Island, NY, USA) with 100 U/mL 
penicillin and 100 μg/mL streptomycin (Gibco, Grand Island, NY, USA). 
In order to isolate SSCs which are normally attached to the bottom of the 
culture dish later than the somatic cells, the supernatant was removed 
after 24 h, and centrifuged to isolate the non-attached cells. Then, cells 
were cultured in DMEM/F12 medium containing 5% KSR (Gibco, Grand 
Island, NY, USA) and growth factors included 10 ng/mL GDNF (GDNF; 
G1777, Sigma-Aldrich St. Louis, MO, USA), 20 ng/mL EGF (EGF; E4127, 
Sigma-Aldrich St. Louis, MO, USA), 103 U/mL LIF (LIF; L5283, Sigma- 
Aldrich St. Louis, MO, USA), 10 ng/mL bFGF (bFGF; F0291, Sigma- 
Aldrich St. Louis, MO, USA) in 0.2 % gelatin (Sigma-Aldrich, St Louis, 
MO, USA) coated dishes and then incubated at 37 ◦C and 5% CO2 for cell 
proliferation. After elapsing two weeks since the initial culture, SSC 
colonies were observed. For SSCs proliferation, the cells were cultured in 
the laboratory for about one month. Then, they were frozen at − 196 ◦C 
using frozen solution containing 10 % DMSO and 90 % FBS. 

2.4. Decellularization of sheep testicular tissue 

Sheep testis was prepared from the slaughterhouse and then trans
ferred to the laboratory in PBS solution at 4–8 ◦C. In the laboratory, the 
testis was washed several times in a PBS solution to remove the 
remaining blood. In the next stage, the tissue was transferred to the 
freezer for about 48 h, and then thin sections of 100-μm diameter were 
prepared after freezing. For the purpose of decellurization, the sections 
were transferred to a 1% sodium dodecyl sulfate solution (SDS) and then 
incubated for 24 h. Then they were placed in a phosphate saline buffer 
for 2 h. In order to sterilize the scaffolds, the sections were stacked in 70 Fig. 1. Schematic presentation of experimental procedures.  
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% ethanol for 1 h. Then, after sterilization with sterile water, the sections 
were placed in sterile PBS for 2 h. The scaffolds were placed in the 
culture medium for 24 h before use. 

2.5. DNA quantitative assay 

DNA was extracted from native tissue and DTM uses QIAamp DNA 
mini kit (Qiagen) according to the manufacturer’s instructions. The 
purity and concentration of DNA were determined using the ND-3800 
spectrophotometer (Nano-drop Technologies, Hercuvan, Malaysia). 

2.6. Study of cytocompatibility of DTM by MTT assay 

After the DTM was prepared, its toxicity was checked to ensure that it 
did not contain any toxic substance during the scaffold preparation and 
decellularization stages. For this purpose, after the culture of testicular 
tissue cells with an initial value of 5 × 104 cell in each well of 96-well 
plate, extract prepared from DTM were added to cells in the culture 
medium, and after 24 h and 72 h since the inception of the culture, the 
cells were investigated using 3-(4, 5-dimethylthiazol-2-yl) -2,5-diphenyl 
tetrazolium bromide (MTT). MTT is metabolically restored using active 
and living cells and dehydrogenase to produce restored equivalents such 
as NADH and NADPH. Plate reader (Biotek, Winooski, VT, USA) 
measured the purple formazan formed during the test steps. 

2.7. Histological examination 

In histological examination, hematoxylin-eosin (H&E) staining was 
used to verify the quality of DTM and investigate the migration of the 
cells to the scaffold after its recellularization. For this staining, the tissue 
was first fixed in 4 % paraformaldehyde and the sample was placed in 
paraffin and molded after alcoholic dehydration and immersion in in 
xylol solution. 5 μm thick sections from the tissue were prepared with 
the aid of mictrotome, and the standard staining was carried out after 
paraffin removal with xylol and alcohol rinsing. For more careful and 
further examination of ECM alterations in the testicular tissue during 
decellularization and the study of its collagens and glycosaminoglycans 
(GAGs), Masson’s trichrome and Alcian blue staining was performed 
after tissue preparation and dissection. Lastly, the stained tissues were 
examined using optical microscope (Olympus, Japan). 

2.8. Investigating the 3D structure of the DTM with an electron 
microscope 

To investigate the three-dimensional structure of DTM in terms of 
quality and decellularization and cell migration after recellularization, 
the scaffold prepared was analyzed using a scanning electron micro
scope (Seron, South Korea). Thus, the tissues were fixed with 2.5 % 
glutaraldehyde and then with 1 % osmium tetroxide and dehydrated 
with increasing degrees of ethanol. After dehydration, the tissues were 
placed on a grid and covered with gold-palladium coating and the 
photos were taken from the samples. 

2.9. SSCs culturing and differentiation on a DTM layer 

For the purpose of cell culture on the scaffold, a layer of DTM was 
first placed at the bottom of the 24-well plate. Then, 1.5 × 105 cells were 
added to each well. To examine the effect of the scaffold on the cell 
differentiation in similar conditions, the cells were placed in a 24-well 
plate in the absence of DTM, and accordingly were cultured in a dif
ferentiation medium whose base was DMEM/F12 medium supple
mented with 5 % KSR (Invitrogen, USA), 5 % FBS, 10 μg/mL insulin- 
transferrin-selenium solution (Gibco,Grand Island, NY, USA), 
3.3 × 10− 7 M retinoic acid (Sigma-Aldrich, St Louis, MO, USA), 10 μg/ 
mL vitamin E (Gibco,Grand Island, NY, USA), 10-4 M vitamin C (Sigma- 
Aldrich, St Louis, MO, USA), 1 m M pyruvate (Sigma-Aldrich, St Louis, 

MO, USA), 2.5 × 10− 5 U human follicle-stimulating hormone (Merck, 
Darmstadt, Germany), 10− 7 M testosteron (Sigma-Aldrich, St Louis, MO, 
USA), 1X antibiotic-antimycotic solution (Gibco, Grand Island, NY, USA) 
[18]. The cells were cultured in both substrates for 4 weeks and 6 weeks. 
During the culture period, the differentiation medium was replaced 
every 48 h. 

2.10. Extraction of RNA and quantitative real-time PCR (qPCR) analysis 

In the fourth and sixth weeks of the differentiation culture, the total 
RNA of the cells cultured in the DTM and 2D substrate was extracted 
using the Trizol reagent kit (ready Mini KIT, Qiagen, USA according to 
the manufacturer’s instruction. Purity and concentration of RNA was 
determined using ND-3800 spectrophotometer (Nano-drop Technolo
gies, Hercuvan, Malaysia). For Complementary DNA (cDNA) prepara
tion, 1 μg total RNA was reverse-transcribed using a Prime Script RT 
reagent kit (Takara Bio Inc, Tokyo, Japan) according to the manufac
turer’s instructions. The qPCR was performed using a real-time PCR 
machine (Applied Bio Systems, Foster City, USA) and the SYBR Premix 
Ex Taq Kit (Tli RNaseH Plus). The qPCR steps were as follows: initial 
denaturation at 95 ◦C for 30 s; amplification for 40 cycles of denatur
ation at 95 ◦C for 5 s, annealing at 60 ◦C for 20 s, melting curve analysis 
at 95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 15 s. The specific primers used 
to determine the expression levels of pre-meiotic, meiotic and post- 
meiotic genes via qPCR are listed in Table 1. All samples were normal
ized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an 
internal control, and the relative quantification of gene expression was 
determined using the comparative CT method (ΔΔCT). 

2.11. Immunocytochemistry (ICC) 

After proliferation of SSCs and before the start of differential culture, 
the presence of these cells was confirmed by primary antibodies anti- 
GFRα1 (pa519873; Rabbit polyclonal, 1:100, Thermo Fisher, Altrin
cham, UK) and anti- PLZF (sc28319; mouse monoclonal, 1:500, Santa 
Cruz, Houston, USA) which are specific for SSCs. In the cells cultured in 
a differentiation medium examining anti-Boule (orb155857; Rabbit 
polyclonal, 1:100, Biorbyt, St Louis, MO,USA) and anti-Scp-3 
(ab181746; Mouse monoclonal, 1:200, Abcam, Cambridge, UK) anti
bodies for spermatocytes, and anti-Protamine-2 (orb103281; Rabbit 
polyclonal, 1:100, Biorbyt, St Louis, MO, USA), anti- Crem (orb160579; 
Rabbit polyclonal, 1:100, Biorbyt, St Louis, MO, USA) antibodies for 
spermatids. For this purpose, the cells were fixed with 4% para
formaldehyde (Merck, Germany). For antigen recovery, 2-chloride 
(Merck, Germany) chloride acid (Merck, Germany) was added to the 
cells, and borate buffer was added to neutralize the excess acid after a 
few minutes. After the cells were washed, a 0.3 % triton solution (Sigma- 
Aldrich, St Louis, MO, USA) was used to permeate the cell membranes. 
Then, 10 % goat serum (Sigma-Aldrich, St Louis, MO, USA) was added 
after washing the cells. In addition, the primary antibody was added to 

Table 1 
Primer sequences used for mRNA expression level of markers of different human 
spermatogenic stages.  

Stage Target Type Sequences (5′⇨3’) 

Pre-meiotic OCT4 
Forward F: CTGGGTTGATCCTCGGACCT 
Reverse R: CACAGAACTCATACGGCGGG 

Pre-meiotic PLZF 
Forward F: GGTCGAGCTTCCTGATAACG 
Reverse R: CCTGTATGTAGCGCAGGT 

Meiotic SCP3 Forward F: TGCAGAAAGCTGAGGAACAA 
Reverse R: TGCTGCTGAGTTTCCATCAT 

Meiotic BOULE 
Forward F: AAGGGTATGGTTTCGTCACTTTT 
Reverse R: GGACCGAAGTTACCTCTGGAG 

Post-meiotic CREM 
Forward F: ACACCACCTAGTATTGCTACCA 
Reverse R: GGATTGTTCCACCTTGGGCTAT 

Post-meiotic Protamine2 
Forward F: CAGTCTCACTATAGGCGCAG 
Reverse R: CTTAGTGCCTTCTGCATGTTCTC  
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the cells, which was placed at 4 ◦C for overnight. After rinsing, the 
secondary antibody was added, and incubated in darkness for 1 h and 
30 min at 37 ◦C. Control cells were treated under similar conditions 
except for the removal of the primary antibodies and instead of the 
primary antibodies, IgG Isotype was used in negative control cells to 
assert the specificity of primary antibodies in the immunocytochemical 
reactions. Further, the cells were then washed and stained with DAPI. 
Finally, the cells were observed by the fluorescent microscope (Japan, 
Olympus) equipped with 400 mm lens for the confirmation of the 
markers. 

2.12. Statistical analysis 

In this study, the statistical differences in the expression of sper
matogenesis genes were evaluated by two-way ANOVA and the Tukey’s 
test. Quantification of DNA in native tissue and DTM and MTT assay 
were evaluated by Student’s t-test. The data are presented as 
mean ± standard deviation (SD). P values <0.05 were considered sta
tistically significant. 

3. Results 

3.1. Confirmation of identity of cultured SSCs 

By culturing the cells obtained from the enzymatic digestion of the 
testicular tissue and collecting the supernatant after 24 h and re- 
culturing the cells which were not yet attached to the substrate (given 
that the SSC cells are later attached to the substrate), an opportunity was 
created for partial isolation of SSC cells. Approximately two weeks after 
the culture of these cells in the specific culture medium, the small col
onies formed from them were observed in the culture medium, and the 
number of these colonies increased and their size enlarged after four 
weeks (Fig. 2). To verify the identity of spermatogonial cells, the col
onies were investigated using two specific markers of spermatogonial 
cells (PLZF and GFRα1) via immunocytochemistry staining (Fig. 2). The 
results indicated that the majority of the colonies are positive with both 
spermatogonial markers. For further confirmation, the gene expression 
related to SSCs and differentiation was measured by qPCR prior to the 
initiation of the differentiation culture. The results indicated the 

presence of pre meiotic genes and the lack of differentiation genes 
(Fig. 7). 

3.2. DNA content analysis 

Quantification of remaining DNA in native tissue and DTM Showed 
that only 1 ± 1 % of the native testicular tissue DNA content remained 
within the matrix after decellularization (P = 0.001) and indicated a 
significant decrease and almost complete elimination of the DNA con
tent in DTM (Fig. 3). 

3.3. Cytocompatibility of DTM 

The results of MTT testing after 24 and 72 h from the beginning of the 
culture indicated that the cells cultured in the presence of DTM were not 
different in terms of number and viability with the control sample. As a 
result, the resulting substrate does not exert toxic effects on the cells and 
benefit from biocompatibility (Fig. 3). 

3.4. Histological study of the scaffold prepared by DTM 

Maintaining the structure and composition of tissue ECM following 
decellularization is one of the essential requirements for normal cellular 
behavior after tissue recellularization. DTM staining with hematoxylin- 
eosin showed that the DTM structure was well-preserved after decellu
larization, and the seminiferous tubules were completely depleted from 
the cells. In addition, several days after DTM-based SSCs culture, DTM 
was again stained and examined using Hematoxylin-Eosin to ensure the 
migration of the cells. As illustrated in Fig. 4, the cells can attach and 
grow on this substrate. In addition, to confirm the quality of the DTM, 
the total collagen and glycosaminoglycans (GAGs) were examined by 
Masson’s trichrome and Alcian blue staining, respectively, and it was 
shown that these structures were well maintained in DTM (Fig. 4). 

3.5. Examination of the tri-dimensional structure of the testicular tissue 
after decellularization and recellularization 

DTM surface and sections were scanned by using an electron mi
croscope. Based on the results, the tissue and the structure of the 

Fig. 2. Light microscopic image of the colonies derived from SSCs proliferation in a specific culture medium during the second and fourth weeks (A) Scale 
bars = 200 μm and 100 μm. Immunocytochemistry staining of the colonies derived from SSCs proliferation with specific antibodies for GFRα1 (Red) and PLZF (Green) 
markers, (DAPI color is shown in blue) (B). Scale bars = 30 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 
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seminiferous tubules were preserved well, and the decellularization was 
completed in the decellularized ECM sample. After the recellularization, 
the DTM was again examined via an electron microscope and it was 
observed that the cells were attached to the DTM (Fig. 5). 

3.6. Study of differentiation of SSCs after culturing on DTM with 
immunocytochemistry 

SSCs were cultured on DTM in a differentiation medium. After 6 
weeks, differentiations of the cells were evaluated by immunocyto
chemistry method with SCP3, Boule, Crem and Protamine2 antibodies. 
Based on this the results, the expression of differentiation proteins in 
DTM is greater than their expression in 2D (Fig. 6). 

3.7. Determination of differentiation genes expression using real time PCR 

To evaluate the effect of DTM on the SSCs differentiation relative to 
2D substrate, the cells cultured in both groups were isolated after 4 and 6 
weeks since the initiation of culture. After extracting RNA and synthe
sizing cDNA, the expression of pre-meiotic (OCT4, PLZF), meiotic (SCP3, 
Boule) and post-meiotic (Crem, Protamine-2) genes, in two groups were 
measured. The results of this study showed that in the cells cultured on 

the 3D substrate derived from DTM, the expression of pre meiotic, 
meiotic and post-meiotic was significantly higher than the 2D sample 
(P ≤ 0.01), which indicates the creation of suitable conditions for 
preservation, proliferation, and differentiation of SSCs in the scaffold 
prepared. Further, it indicated that the expression of differentiation 
genes increases with the elongation of culture duration (P ≤ 0.01) 
(Fig. 7). 

4. Discussion 

In vitro proliferation of spermatogonia stem cells (SSCs) and their 
injection into testicular tissue can be a way to treat azoospermic men. 
(Mohaqiq et al., 2019; Faes et al., 2013; Takashima and Shinohara, 
2018). However, in some men, it is not possible to inject SSCs and 
differentiate them in the body. Like people whose spermatogenesis has 
stopped for some reason, and people whose cancer has been treated and 
the injection of amplified SSCs into the testicular tissue makes it possible 
for cancer to come back. By producing mature germ cells in the labo
ratory and injecting them into the cytoplasm of the ovum, laboratory 
embryos can be produced that can be transferred to the mother’s uterus 
to provide fertility. Researchers differentiated and matured SSCs in mice 
in the laboratory and injected them into the cytoplasm of the ovum to 

Fig. 3. Quantification of DNA in native tissue and DTM Showed a significant decrease and almost complete loss of the DNA content in DTM. (P = 0.001) (A). MTT 
assay after 24 and 72 h of cell culture indicated that the cells cultured in the presence of DTM were not differ in terms of number and viability with the control 
sample. The results are expressed as means ± SD (B). 

Fig. 4. Histological staining of DTM via H and E (A, B), Alcian blue (C, D) and Masson’s trichrome (E, F) evidenced preservation of structure, GAGs and collagen 
respectively. H and E staining also showed that the cells could attach to DTM after recellularization (Cells attached to the DTM are shown with an arrow). (G, H). 
Scale bars = 100 μm and 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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induce fertility leading to birth in mice. Since little research has been 
done on the differentiation of human SSCs, our aim in this study was to 
improve the culture conditions and differentiate human SSCs in vitro. 
(Sato et al., 2011). It is hoped that by conducting similar studies in 
humans, this can be a step towards treating male infertility. Therefore 
performing spermatogenesis in vitro is considered as one of the most 
valuable objectives in the field of reproductive biology. Since cell cul
ture on the 2D substrate cannot create conditions similar to the in vivo 
microenvironment for cellular growth and differentiation (Hai et al., 
2014; Kostereva and Hofmann, 2008; Smith et al., 2014), a large number 
of studies have been conducted on SSCs culture and differentiation in 3D 
conditions in recent years (Galdon et al., 2016; Giudice et al., 2017; 
Reda et al., 2016; Shams et al., 2017; Stukenborg et al., 2009) such as 
SSCs cultures on a 3-D matrix from a soft agar culture system (SACS) 
(Jabari et al., 2020; Gholami et al., 2018a, b; Khajavi et al., 2014; Sato 
et al., 2011; Stukenborg et al., 2008), the substrate of collagen gel (CG) 
and collagen +Matrigel (CGM) and Methylcellulose Culture System 
(MCS) (Huleihel et al., 2015) or culture on poly (D, L-lactic-co-glycolic 
acid) or PLGA (Galdon et al., 2016) and polycaprolactone (PCL) (Orwig 
et al., 2002; Talebi et al., 2019). To create an ideal culture medium, 
some attempts have been made to create an in vitro culture situation 
similar to in vivo conditions. Therefore, recently, various studies have 
been conducted to create decellular tissue scaffolds in order to provide 
optimal 3D culture conditions with ECM preservation, and then pave the 
way for cell growth and differentiation (Bonandrini et al., 2014; Cor
tiella et al., 2010; Crapo et al., 2012, 2013; De Waele et al., 2015; Joddar 
et al., 2014; Navarro-Tableros et al., 2015). V. Navarro-Tableros et al. 
cultured liver stem-like cells on decellularized liver ECM and differen
tiated them into hepatocytes (Navarro-Tableros et al., 2015). B. 
Bonandrini et al. cultured Murine embryonic stem (ES) cells into the 
decellularized ECM derived from whole kidney, after culture the ES cells 
lost their pluripotency and differentiated into a mesoendodermal line
age (Bonandrini et al., 2014). S. E. Gilpin et al. cultured pluripotent stem 
cells on decellularized lung matrix and differentiated them into lung 

progenitor cells (Gilpin et al., 2014). According to these reports and 
similar studies, decellularized ECM can be applied to direct stem cell 
differentiation toward specific lineages. In our study, the DTM-derived 
scaffolds were used for SSCs culture and differentiation in order to 
provide a situation like that of in vivo situation. The testicular tissue is 
rich in ECM due to the type of structure. Then, it is an ideal sample for 
studying matrix compounds, which is an important biomaterial for tis
sue engineering (Brown and Badylak, 2014).In decellularization pro
cess, tissue cells are eliminated while the tissue structure and 
composition are preserved (Baert and Goossens, 2017; Baert et al., 2014; 
Vermeulen et al., 2018). Maintaining the structure and composition of 
ECM after decellularization is one of the essential requirements for 
normal cellular behavior after tissue recellulaization. In this study, DTM 
staining with H and E showed that the DTM structure was preserved well 
and the seminiferous tubules were completely depleted from cells. In 
addition, Alcian blue and Masson’s trichrome staining indicated the 
presence of GAGs and collagen in DTM. Collagen is the main structure of 
human testicular tissue (Gulkesen et al., 2002; Laurie et al., 1982; 
Oğuzkurt et al., 2007), and its maintaining is important for DTM quality. 
Laminin and fibronectin in ECM act as adhesion molecules. Fibronectin, 
along with GAGs, plays a role in cell adhesion and migration, indicating 
the importance of GAGs in the scaffold (Wierzbicka-Patynowski and 
Schwarzbauer, 2003). In addition, acting as one of the main features of 
GAGs, water conservation affects the viscoelastic properties of the 
scaffold. In addition, electron microscope confirmed the quality of DTM 
using a three-dimensional review. In the present study, after SSCs cul
ture and proliferation in a specific culture medium for one month, the 
expression of spermatogonial genes including OCT4, PLZF and GFR α1, 
PLZF evaluated by using qPCR and Immunocytochemistry, respectively. 
Then these cells were cultured in the differentiation culture medium on 
the DTM and 2D substrate. Accordingly, the expression of pre-meiotic, 
meiotic and post-meiotic genes was investigated using qPCR method 
after 4–6 weeks since the initiation of culture. Furthermore, Immuno
cytochemistry investigated the expression of these genes at the protein 

Fig. 5. Scanning electron microscopy for evaluation of the three-dimensional structure of the DTM. The images indicate that the tissue structure and the seminiferous 
tubules after the decellularization were preserved well (A, B). In addition, the cells can attach to DTM after recellularization (C, D). The number of samples examined 
for each group (N = 3).The number of technical replicates per group (N = 3). Scale bars = 50 μm and 10 μm. 
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Fig. 6. Immunocytochemical staining of the cells were cultured in differentiation medium in a 2D substrate for 6 weeks (2D6W) and in DTM-based 3D substrate for 6 
weeks (3D6W) regarding a review of the expression of spermatocyte markers (SCP3 (Red) & Boule (Green)) and spermatid markers (Crem (Red) & Protamine 2 
(Green)) with their specific antibodies, (DAPI color is shown in blue). Scale bars = 50 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 

Fig. 7. Expression of spermatogenesis genes (pre-meiotic (OCT4,PLZF), meiotic (SCP3, Boule) and post-meiotic (Crem, Protamine2) genes), and in a 2D substrate for 
4 and 6 weeks (2D-4W),(2D-6W) and in cells cultured in DTM-based 3D substrate for 4 and 6 weeks (3D-4W),(3D-6W)analyzed by real-time PCR. The results showed 
that the expression of pre meiotic, meiotic and post-meiotic genes were significantly greater than the expression of the genes in the 2D conditions in DTM-based 
culture. The number of samples examined for each group (N = 6 wells).The number of technical replicates per group (N = 3). Data are shown as 
means ± SD ***P≤0.001. 
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level. The results of these studies showed that the expression of pre 
meiotic, meiotic and post-meiotic genes were significantly greater than 
the expression of the genes in the 2D conditions in DTM-based culture, 
which can be related to the proper conditions prepared by DTM at the 
time of the formation of cells and their reciprocal contact. In addition, 
such condition not only leads to more preservation of early cells, but also 
provides suitable conditions for their proliferation and differentiation. 
Also, the results of the previous studies confirmed the mutual contact of 
cells with each other and with extracellular matrix in preserving and 
surviving cells (Amsterdam et al., 1999; Fiorini et al., 2008; Makri
giannakis et al., 2000; Peluso, 1997; Pendergraft et al., 2017; Perrard 
et al., 2016). Finally, the elongation of the differentiation period, 
compared to the fourth and the sixth weeks of differentiation culture, 
indicated that the increased elongation of the culture period contributes 
to an increase in the expression of the differentiation genes, as well. 

In conclusion, three-dimensional culture of SSCs on DTM by creating 
natural ECM around these cells can provide suitable conditions for their 
preservation and proliferation. The results of this study could be a way 
to further study the process of spermatogenesis in vitro as well as hope 
for the treatment of infertility in men. 
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Goossens, E., 2014. Derivation and characterization of a cytocompatible scaffold 
from human testis. Hum. Reprod. 30 (2), 256–267. 

Bi, Y., Stuelten, C.H., Kilts, T., Wadhwa, S., Iozzo, R.V., Robey, P.G., Chen, X.-D., 
Young, M.F., 2005. Extracellular matrix proteoglycans control the fate of bone 
marrow stromal cells. J. Biol. Chem. 280 (34), 30481–30489. 

Bi, Y., Ehirchiou, D., Kilts, T.M., Inkson, C.A., Embree, M.C., Sonoyama, W., Li, L., 
Leet, A.I., Seo, B.-M., Zhang, L., 2007. Identification of tendon stem/progenitor cells 
and the role of the extracellular matrix in their niche. Nat. Med. 13 (10), 1219. 

Bonandrini, B., Figliuzzi, M., Papadimou, E., Morigi, M., Perico, N., Casiraghi, F., 
Dipl, C., Sangalli, F., Conti, S., Benigni, A., Remuzzi, A., Remuzzi, G., 2014. 

Recellularization of well-preserved acellular kidney scaffold using embryonic stem 
cells. Tissue Eng. Part A 20 (9-10), 1486–1498. 

Bonnans, C., Chou, J., Werb, Z., 2014. Remodelling the extracellular matrix in 
development and disease. Nat. Rev. Mol. Cell Biol. 15 (12), 786–801. 

Brown, B.N., Badylak, S.F., 2014. Extracellular matrix as an inductive scaffold for 
functional tissue reconstruction. Transl. Res. 163 (4), 268–285. 

Cortiella, J., Niles, J., Cantu, A., Brettler, A., Pham, A., Vargas, G., Winston, S., Wang, J., 
Walls, S., Nichols, J.E., 2010. Influence of acellular natural lung matrix on murine 
embryonic stem cell differentiation and tissue formation. Tissue Eng. Part A 16 (8), 
2565–2580. 

Crapo, P.M., Medberry, C.J., Reing, J.E., Tottey, S., van der Merwe, Y., Jones, K.E., 
Badylak, S.F., 2012. Biologic scaffolds composed of central nervous system 
extracellular matrix. Biomaterials 33 (13), 3539–3547. 

Crapo, P.M., Tottey, S., Slivka, P.F., Badylak, S.F., 2013. Effects of biologic scaffolds on 
human stem cells and implications for CNS tissue engineering. Tissue Eng. Part A 20 
(1-2), 313–323. 

De Waele, J., Reekmans, K., Daans, J., Goossens, H., Berneman, Z., Ponsaerts, P., 2015. 
3D culture of murine neural stem cells on decellularized mouse brain sections. 
Biomaterials 41, 122–131. 

Faes, K., Tournaye, H., Goethals, L., Lahoutte, T., Hoorens, A., Goossens, E., 2013. 
Testicular cell transplantation into the human testes. Fertil. Steril. 100 (4), 981–988 
e984.  

Fiorini, C., Gilleron, J., Carette, D., Valette, A., Tilloy, A., Chevalier, S., Segretain, D., 
Pointis, G., 2008. Accelerated internalization of junctional membrane proteins 
(connexin 43, N-cadherin and ZO-1) within endocytic vacuoles: an early event of 
DDT carcinogenicity. Biochimica et Biophysica Acta (BBA)-Biomembranes 1778 (1), 
56–67. 

Galdon, G., Atala, A., Sadri-Ardekani, H., 2016. In vitro spermatogenesis: how far from 
clinical application? Curr. Urol. Rep. 17 (7), 49. 

Gholami, K., Pourmand, G., Koruji, M., Ashouri, S., Abbasi, M., 2018a. Organ culture of 
seminiferous tubules using a modified soft agar culture system. Stem Cell Res. Ther. 
9 (1), 249. 

Gholami, K., Pourmand, G., Koruji, M., Sadighigilani, M., Navid, S., Izadyar, F., 
Abbasi, M., 2018b. Efficiency of colony formation and differentiation of human 
spermatogenic cells in two different culture systems. Reprod. Biol. 

Gilpin, S.E., Ren, X., Okamoto, T., Guyette, J.P., Mou, H., Rajagopal, J., Mathisen, D.J., 
Vacanti, J.P., Ott, H.C., 2014. Enhanced lung epithelial specification of human 
induced pluripotent stem cells on decellularized lung matrix. Ann. Thorac. Surg. 98 
(5), 1721–1729. 

Giudice, M.G., De Michele, F., Poels, J., Vermeulen, M., Wyns, C., 2017. Update on 
fertility restoration from prepubertal spermatogonial stem cells: how far are we from 
clinical practice? Stem Cell Res. 21, 171–177. 

Gulkesen, K., Erdogru, T., Sargin, C.F., Karpuzoglu, G., 2002. Expression of extracellular 
matrix proteins and vimentin in testes of azoospermic man: an 
immunohistochemical and morphometric study. Asian J. Androl. 4 (1), 55–60. 

Hai, Y., Hou, J., Liu, Y., Liu, Y., Yang, H., Li, Z., He, Z., 2014. The roles and regulation of 
Sertoli cells in fate determinations of spermatogonial stem cells and 
spermatogenesis. Seminars in Cell & Developmental Biology. Elsevier, pp. 66–75. 

Hofmann, M.-C., Narisawa, S., Hess, R.A., Millán, J.L., 1992. Immortalization of germ 
cells and somatic testicular cells using the SV40 large T antigen. Exp. Cell Res. 201 
(2), 417–435. 

Hoshiba, T., Chen, G., Endo, C., Maruyama, H., Wakui, M., Nemoto, E., Kawazoe, N., 
Tanaka, M., 2016. Decellularized extracellular matrix as an in vitro model to study 
the comprehensive roles of the ECM in stem cell differentiation. Stem Cells Int. 2016. 

Huleihel, M., Nourashrafeddin, S., Plant, T.M., 2015. Application of three-dimensional 
culture systems to study mammalian spermatogenesis, with an emphasis on the 
rhesus monkey (Macaca mulatta). Asian J. Androl. 17 (6), 972. 

Jabari, A., Gilani, M.A.S., Koruji, M., Gholami, K., Mohsenzadeh, M., Khadivi, F., 
Gashti, N.G., Nikmahzar, A., Mojaverrostami, S., Talebi, A., 2020. Three- 
dimensional co-culture of human spermatogonial stem cells with Sertoli cells in soft 
agar culture system supplemented by growth factors and Laminin. Acta Histochem. 
122 (5), 151572. 

Joddar, B., Hoshiba, T., Chen, G., Ito, Y., 2014. Stem cell culture using cell-derived 
substrates. Biomater. Sci. 2 (11), 1595–1603. 

Kanatsu-Shinohara, M., Ogonuki, N., Inoue, K., Miki, H., Ogura, A., Toyokuni, S., 
Shinohara, T., 2003. Long-term proliferation in culture and germline transmission of 
mouse male germline stem cells. Biol. Reprod. 69 (2), 612–616. 

Khajavi, N., Akbari, M., Abolhassani, F., Dehpour, A.R., Koruji, M., Roudkenar, M.H., 
2014. Role of somatic testicular cells during mouse spermatogenesis in three- 
dimensional collagen gel culture system. Cell Journal (Yakhteh) 16 (1), 79. 

Kostereva, N., Hofmann, M.C., 2008. Regulation of the spermatogonial stem cell niche. 
Reprod. Domest. Anim. 43, 386–392. 

Laurie, G., Leblond, C., Martin, G., 1982. Localization of type IV collagen, laminin, 
heparan sulfate proteoglycan, and fibronectin to the basal lamina of basement 
membranes. J. Cell Biol. 95 (1), 340–344. 

Lee, J.H., Kim, H.J., Kim, H., Lee, S.J., Gye, M.C., 2006. In vitro spermatogenesis by 
three-dimensional culture of rat testicular cells in collagen gel matrix. Biomaterials 
27 (14), 2845–2853. 

Makrigiannakis, A., Coukos, G., Blaschuk, O., Coutifaris, C., 2000. Follicular atresia and 
luteolysis evidence of a role for N-Cadherin. Ann. N. Y. Acad. Sci. 900 (1), 46–55. 

Manabe, R.-i., Tsutsui, K., Yamada, T., Kimura, M., Nakano, I., Shimono, C., Sanzen, N., 
Furutani, Y., Fukuda, T., Oguri, Y., 2008. Transcriptome-based systematic 
identification of extracellular matrix proteins. Proc. Natl. Acad. Sci. U. S. A. 105 
(35), 12849–12854. 

Mohaqiq, M., Movahedin, M., Mazaheri, Z., Amirjannati, N., 2019. In vitro 
transplantation of spermatogonial stem cells isolated from human frozen–thawed 

S. Ashouri Movassagh et al.                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0005
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0005
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0005
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0010
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0010
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0010
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0015
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0015
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0020
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0020
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0020
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0025
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0025
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0025
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0030
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0030
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0030
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0035
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0035
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0035
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0035
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0040
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0040
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0045
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0045
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0050
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0050
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0050
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0050
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0055
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0055
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0055
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0060
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0060
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0060
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0065
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0065
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0065
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0070
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0070
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0070
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0075
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0075
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0075
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0075
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0075
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0080
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0080
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0085
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0085
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0085
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0090
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0090
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0090
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0095
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0095
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0095
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0095
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0100
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0100
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0100
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0105
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0105
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0105
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0110
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0110
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0110
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0115
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0115
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0115
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0120
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0120
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0120
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0125
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0125
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0125
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0130
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0130
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0130
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0130
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0130
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0135
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0135
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0140
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0140
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0140
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0145
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0145
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0145
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0150
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0150
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0155
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0155
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0155
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0160
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0160
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0160
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0165
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0165
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0170
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0170
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0170
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0170
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0175
http://refhub.elsevier.com/S0065-1281(20)30122-7/sbref0175


Acta Histochemica 122 (2020) 151623

9

testis tissue can induce spermatogenesis under 3-dimensional tissue culture 
conditions. Biol. Res. 52 (1), 16. 

Navarro-Tableros, V., Herrera Sanchez, M.B., Figliolini, F., Romagnoli, R., Tetta, C., 
Camussi, G., 2015. Recellularization of rat liver scaffolds by human liver stem cells. 
Tissue Eng. Part A 21 (11-12), 1929–1939. 
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